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(54) Oxygen containing silicon 
substrates 

(57) A method for producing silicon 
substrates includes growing the silicon 
crystal body at a relatively high rate of 
growth. It has been found that the 
growth rate of the silicon crystal body 
exerts substantial influence upon 
generation of crystal defects in the 
silicon crystal body or silicon substrate. 
Furthermore, the oxygen concentration 
in the silicon crystal body or the silicon 
substrate is significantly higherthan in 
conventional silicon crystals or 
substrates. The high growth rate of the 
silicon crystal body suppresses 
separation of the oxygen from the 
crystal body. This reduces the number of 
defects or faults formed in the crystal 
body during heat treatment during 
production of the semiconductor 
devices. In the preferred process, 
according to the present invention, the 
growth rate of the silicon crystal body is 
greater than or equal to 1.2 mm/min. 
Furthermore, the preferred oxygen 
concentration in the grown silicon 
crystal body is selected to be greater 
than or equal to 1.8 x 10 ,8 cm~ 3 . 
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SPECIFICATION 

High-oxygen-content silicon monocrystal substrate for semiconductor devices and production method 

therefor , 

5 

BACKGROUND OFTHE INVENTION 

f/ T?e°present'm?ennon relates generally to a silicon monocrystal substrate capable of absorbing significant 
metal contamination. In addition, the invention relates to a method for producing a silicon crystal substrate 
10 with a significant oxygen concentration. In particular, the invention relates to a method and device for prod- 10 
ucing a high-oxygen-concentration silicon substrate by way of crystal growth. 

Description oftha background art 
SHiconsubstratesarewidelyusedforproducingvarioussem^ 
15 devices, it is generally preferable to minimize leak current. It ,s known that the leak current can be lowered by IS 

TeSLtcalledintr^ 

internal structure of the silicon substrate. 

As is well known, a silicon substrate is derived from a silicon crystal body prepared by growing as. .con 
mt^Srom molten po.ycrystalline silicon by the Czochra.ski method (hereafter referred to * i the CZ 
20 method") forinstanceJntheCZmethod.themonocrystalsiliconbodyisdrawnslowlyoutofabathof 20 
mSter , polycrys«l silicon. Silicon substrates are obtained by sectioning or ■ wafering the fm.shed s.l.con 

m Thrrm?shLScon crystal body contains a great amount of oxygen. The oxygen in the silicon crystal body 
oe^eJ S^?r eSSdWoitton. such as dislocation loops, stacking faults and so forth due to oxygen 

25 Nation during heat treatment of the silicon substrate. The defects in the finished semiconductor device 25 
degrade its rati characteristics in particular, lower its break-down voltage, and increase its leakcurrent. As a 
result the production yield of semiconductor devices is significantly lowered. 

On ne omer hand, it has been found that the defects in semiconductor devices may serve to absorb metal 
contaminants by the so-called intrinsic gettering or I.G. effect. For instance, in 30 

30 which the surface of the silicon substrate is the maioractive reg.on, such as in .nsulated-gate field-effect 30 
nansistors (MOS FETs) or integrated circuits employing MOS-FETs. defects in the silicon substrate outs.de 
oi 'the major active region exhibit the I.G. effect, absorbing meta. contaminants from the act.ve reg.ons.Th.s 
K*inc r-rii Ira rh*» Ipakaae current of the semiconductor devices. 
ii^Stie. in achieving a consistent I.G. effectin mass production. For instance. ,n cases 

35 JZ^^SZSw**™* °V the conventional CZ method, the concentration of defects n the 35 
Crystal body ends7o be substantially different at the top, corresponding to the beg.nnmg of growth, than at 
thThnnnm corresoondinq to the end of growth, due to thermal hysteresis. Furthermore, although a h.gh 
2S2SS3K2SlnSl to enhance the I.G. effect, when the oxygen concentration is excessively 
S defeS ten U? form even at the surfaces of the semiconductordevices. resulting in detenoration of the 

40 *SS££«L semiconductor devices as set forth above. In addition, in some semiconductor produc- 40 
tion Presses, attention must be paid to precise control of the oxygen concentrator. or«^IAn» 
ments must be performed in view of the heat-treatment conditions requ.red for product.on of some sem,- 

C °T^us Ct ° is^ co'nti'nuing problem in the art of efficiently manufacturing silicon substrates for semiconductor 
as « ohSa substantially high concentration of oxygen, sufficient to enhance the I.G. effect to lower 45 

feT^^^ 
after heat treatment. 

50 *XSKf £ is a genera" object of the invention to provide a silicon substrate and production method 50 

oxygen without deterioration of its characteristics due to oxygen segregation, dislocation loops, stacking 

55 * !?u rth^obS of the present invention is to provide a method for producing silicon substrates as a starting 55 
JSZrp!^lL of semiconductor devices, which allows high yield without causing detenorat.on of 

-d other objects, a method for producing silicon substrates 
included £owing7he s .icon crystal body at a speed higher than is conventionally used It has been found .hat 
60 he orowth ra^e of the silicon crystal body exerts a significant influence on generation of defects m the silicon 60 
cryst STX Funhermore acceding to the present invention, th 

h7H«„r*7,iiicon substrate is significantly higher than in the conventional silicon crystal bodies orsub- 
™es Acc e ating the g^wth She silicon crystal body significantly suppresses separation of the oxygen 
I ™ jc^tatbody TOs Educes the num ber of defects or dislocations formed in the crystal body during heat 
65 treatment during production of the semiconductor devices. 
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In the preferred process, according to the present invention, the growth rate of the silicon crystal body is 
greater than or equal to 1 .2 mm/min. Furthermore, the preferred oxygen concentration in the grown silicon 
crystal body isgreaterthan orequai to 1.8 x 10 18 crrT 3 . 

According to the invention, a silicon substrate containing oxygen in concentrations greater than or equal to 
5 18* 10 is cm~ 3 canachievealeakcurrentlessthanorequalto1 xlO' 10 . 

According to one aspect of the invention, a method of producing a silicon substrate containing a substanti- 
ally high concentration of oxygen for semiconductor devices comprises the steps of: 

growing a silicon monocrystal from a silicon melt at a substantially high rate of growth selected to prevent 
loss of oxygen from the monocrystal during subsequent heat treatment during production ofthe semi- 
10 conductor device, and forming the silicon substrate from the silicon monocrystal. 

The preferred growth rate of the silicon monocrystal is greaterthan or equal to 1 .2 mm/min. On the other 
hand, the preferred oxygen concentration in the silicon substrate isgreaterthan orequai to 1.8 x 10 18 cm" . 
Further preferably, the growth rate of the silicon monocrystal is preferably in the range of approximately 1.5 
mm/min. to 2.1 mm/min. 

15 In the preferred embodiment, the silicon monocrystal growth step comprises the steps of: placing silicon in 
a crucible; heating the silicon so as to maintain the silicon in a fluid state; and gradually drawing the silicon 
monocrystal out of the silicon melt in the cruci ble. 

In the step of the silicon, the heat applied thereto is sufficient to preventthe surface of the silicon from 
solidifying. More preferably, in the step of heating the silicon, more heat is applied to the surface of thesihcon 

20 than to the remainder of the silicon melt. ( 

In an alternative embodiment, the method further comprises the step of applying a magnetic field to the 
silicon. Furthermore, the preferred method may further comprise the step of driving the crucible to rotate. 
The magnetictleld applied and/or the rotation speed of the crucible can be controlled so as to adjust the 
oxygen concentration in the silicon substrate. 

25 According to anotheraspect of the invention, an apparatus for growing a silicon monocrystal containing a 
substantially high concentration of oxygen as a source for silicon substrates for semiconductor devices, in 
orderto implement the aforementioned production method for the silicon substrate, comprises a cruciblefor 
receiving a silicon, a heater means for heating the silicon so as to maintain the silicon in a fluid state; and a 
drawing means for drawing the silicon monocrystal from the silicon melt in the crucible at a substantially 

30 high rate so as to prevent loss of oxygen from the substrate during subsequent heat treatment in a process of 
fabricating the semiconductor devices. Preferably, thedrawing rate of the silicon monocrystal isgreaterthan 
or equal to 1 .2 mm/min. In addition, the preferred oxygen concentration in the silicon substrate ts greaterthan 
or equal to 1 8 x 1 0 1B cm ~ 3 . The heating means applies sufficient heat to prevent the surface of the silicon 
meltfrom solidifying. The heating meansthus applies more heatto the surface ofthe silicon melt than to the 

35 remainder of the silicon melt. +h« 
The apparatus further comprises means for applying a magneticfield to the silicon melt. In addition, tne 
apparatus may further comprise means for driving the crucible to rotate. The crucible driving means drives 
the crucible at a variable speed allowing adjustment ofthe oxygen concentration in the silicon substrate. 
According to a further aspect ofthe invention, a semiconductor device is produced from a silicon substrate 

40 having an oxygen concentration greaterthan or equal to 1.8 x I0 18 cm 3 and having a leakage current value 

less than 1 x 10~ ,0 A. 



* 7 



10 



15 



20 



25 



30 



35 



40 



Brief description of the drawings 
The present invention will be understood more fully from the detailed description given herebelow and 

45 from the accompanying drawings of the preferred embodiment ofthe invention, which, however, should not 45 
be taken to limit the invention to the specific embodiment but are for explanation and understanding only. 
In the drawings: 

Figure 1 is a cross-section through a silicon crystal growing apparatus implementing the preferred embodi- 
ment ofthe silicon crystal production method according to the invention; 
50 Figure 2 is a perspective view of part ofthe heating element of Figure 1 ; 50 

Figure 3 is a three-dimensional graph of the observed relationships among the crystal growth rate, the 
oxygen concentration and stacking fault density; 

Figure 4\s a graph of heat treatment time versus oxygen concentration; 

Figures 5 and 6 show the results of measurements of leak current of a number of sample diodes obtained by 
55 the silicon substrate production method according to the invention and by a conventionally known process 55 

respectively; and . . 

Figure 7is a cross-section through a modified embodiment ofthe silicon crystal growing apparatus im- 
plementing the preferred embodiment ofthe silicon crystal production process according to the invention. 

60 Description of the preferred embodiment 

Referring now the the drawings, Figure 1 showsasilicon monocrystal growing apparatus implementing 
the preferred embodiment of a silicon substrate producing method according to the present invention. As will 
be seen from Figure 1 . the preferred embodiment of the silicon substrate producing method includes a pro- 
cess for growing a silicon monocrystal body as a starting material for silicon substrates. According to the 

65 preferred process, the silicon monocrystal is grown by the CZ method. 
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In the monocrystal growing apparatus of the present invention, silicon 3 in a quartz crucible 2 disposed 
within a graphite crucible 1 is melted. A graphite heat generator 4 and a heat-insulating material 9 surround 
the crucible 1. Additional plural cooling jackets 10a, 10b and 10c surround the insulating material 9. The 
cooling jacket 10b has a window 1 2 for allowing observation of the drawn monocr/stal 6. An exhaust pipe 13 
5 is provided in the floor of the cooling jacket 1 0b for exhausting inert gas serving as an atmosphere introduced 5 
into the jackets 1 0a, 1 0b and 1 0c from above. A shaft 8 fixed to the lower surface of the crucible 1 passes 
loosely through an aperture 1 0d in the floor of the cooling jacket 10a and is used to rotate and lift or lower the 
crucible 1 . The lower edge of the heat generator 4 is fixed to a ring plate 1 4, which in turn is fixed to a pairof 
shafts 15 passing loosely through two apertures 10e and lOf in the floor of the cooling jacket 10a. The shafts 

10 15 are used to lift or lower the heat generator 4. A molybdenum cylindrical heat shield 16 with an inner 10 
diameter slightly larger than an outer diameter of the monocrystal 6 is disposed above the liquid silicon 3 and 
around the monocrystal 6. Within the heat shield 1 6, a seed crystal 5 is held by a chuck 7 attached to the lower 
end of a draw shaft 17 so that a cylindrical monocrystal 6 may be grown from the seed crystal 5. 
In the CZ method, the maximum monocrystal growth rate V mw can be expressed as follows, assuming that 

IS the solid-liquid interface between the monocrystal 6 and the liquid 3 is flat and no radial temperaturegradient 15 
exists in the monocrystal 6: 



20 



m " hp V 



20 



where k denotes the thermal conductivity of the monocrystal 6, h denotes the heat of solidification, pdenotes 
the density, and dT/dX denotes the temperature gradient in the solid phase of the monocrystal 6 atthe 
solid-liquid interface. Specifically, X denotes distance along the longitudinal axis of the monocrystal 6. In the 

25 above expression, since k. h and p are inherent properties of the material, it is thus necessary to increase the 25 
temperature gradient dT/dX in order to increase or obtain a large maximum monocrystal growth rate V max . In 
the above-merrioned CZ method, however, since the monocrystal 6 is heated by radiation from the surface of 
the liquid 3, the inner wall of the crucible 2, and the heatgenerator4, the value of the temperature gradient 
dT/dX is inevitably limited, so that the growth rate has always been relatively small in practice. 

30 As will be appreciated from the above discussion, the growth rate of the silicon monocrystal can be ac- 30 
celerated by reducing the heat applied to the moiten silicon 3 by the heat generator 4 and thus lowering the 
temperature of the molten silicon. Although this has a direct proportional effect toward lowering thethermal 
gradient, by the Stefan-Boltzmann law, the heat radiated toward the monocrystal is reduced to a much grea- 
ter extent, so that the net effect is an increase in the temperature gradient dT/dX. However, reducing the heat 

35 generated by the heat generator 4 in order to obtain a higher growth rate means that the surface of the molten 35 
silicon will tend to solidify since the surface of the molten silicon is cooled by exposure to the gaseous furnace 
atmosphere. This limits the extent to which the temperature of the molten silicon 3 can be lowered. 

The heat generator 4 of the preferred silicon monocrystal growing apparatus is designed to apply enough 
heat to the surface of the molten silicon 3 to maintain the silicon in the liquid state. In particular, the heat 

40 generator 4of the preferred construction is designed to apply more heat to the surface of the molten silicon 40 
than to the remaining body of molten silicon so as to allow the temperature of the molten silicon 3 to be 
minimized. 

Fgure 2 shows the structure of the heat generator 4. The heat generator4 is made of a conductive material 
such as graphite, and is generally in the form of a cylindrical sleeve with a tapered portion 4a at its upper end. 

45 The heat generator 4 is formed with alternating upper grooves 4b and lower g rooves 4c, each extending 45 
parallel to the vertical axis of the heat generators This construction provides the cylindrical shell with a 
serpentine configuration suitable for use as an electrical heating etemenUn addition, the upper ends of the 
lower grooves 4c are angularly bifurcated to form two short grooves 4d and 4e extending at an angle of 45° 
with respect to the groove 4c. Current passes through each section defined by adjoining upper and lower 

50 grooves 4b and 4c and generates heat due to ohmic loss. 50 
In order to grow the monocrystal 6 with the seed crystal 5 from the melted silicon material by means of the 
monocrystal growing apparatus constructed as described, the two crucibles 1 and 2 are rotated in a clockwise 
direction by the shaft 8 and the grown monocrystal 6 is rotated by the shaft 1 7 in a counterclockwise direction, 
for instance, or vice versa. At the same time, the draw shaft 1 7 is lifted gradually by means of a driving 

55 mechanism'lnot shown) to draw the monocrystal 6 outof the melt. Additionally, the two crucibles 1 and 2are 55 
both raised gradually so that the surface of the liquid 3 can be kept at a predetermined position with respectto 
the heat generator 4. 

The apparatus described above has the following advantages: the upper end 4a of the heat generator 4is 
tapered and, in addition, the bifurcated grooves 4d and 4e 3re formed at the upper ends of the lower grooves 

60 4c, and the cross-sectional area of the tapered portion 4a is smaller than the rest of the heat generator 4. In 60 
particular, the cross-sectional area near the bifurcated grooves 4d and 4e is quite small. Therefore, as current 
passes through the heat generator 4, the tapered portion 4a of the heat generator 4 is heated to a higher 
temperature than other portions of the heat generator 4. As a result, the difference in temperature between 
the melt 3a located vertically opposite the tapered portion 4a and at the inner wall of the crucible 2, and the 

65 maximum value within the body of the melt 3 is small. 65 



Furthermore, since the tapered portion 4a increases the total electrical resistance of the heat generator 4 
relative to conventional models, the temperature of the heat generator 4 will be higher, assuming equal 
amounts of current. Therefore, in this embodiment, thecurrentthrough the heat generator4can besmaller 
than that in conventional heaters of similar design. 

5 As explained, it is necessary to increase the temperature gradient (dT/dX) within the sol.d-phase mono- 
crystal 6atthe solid-liquid interface in order to increase the maximum growing speed V^. Accordingly, it 
would be preferable to reduce the heat output of the heat generator 4, because the monocrystal is heated by 
radiation from the heat generator 4. 
In the apparatus according to the present invention, even if the heat output of the heat generators 

10 reduced in order to increase the temperature gradient (dT/dX), since the above-mentioned maximum differ- 
ence in temperature between the surface 3a and the body of the melt 3 is small, it is possible to preventthe 
surface of the melt 3 from solidifying at the inner wall of the crucible 2. As a result, it is possible to markedly 
increase the growth rate by as much as 0.2 mm/min, for instance, over conventional systems. Additionally, it 
is possible to grow the monocrystal 6 continuously, thus i ncreasing productivity and decreasing the cost of 

1 S mo ^ OC ^l^l^l^ enX of the metnod for producing or manufacture the silicon substrate according to 
the present invention employs the apparatus set forth above. It has been found in the present ^."tton Jat 
the crystal growth rate exerts a great influence upon the generation of crystal defects espec.aly stackmg 
faults Therefore, in the present invention, the crystal growth rate is set to a value higher •thar , 1 .2 mrrVm.n m 

20 ordertoobtainasiliconcrystalbodywithanoxygenconcentrat.onofmorethan1.8xl0 cm .Silicon 
substratesare thus manufactured by watering this silicon crystal body. Setting the silicon mW ocrt*a\ 
growth rate higher that in the conventional systems prevents segregation of oxygen in succeeding heat 
treatments and so prevents the accompanying loss of grown silicon monocrystal quality. Therefore, it is 
possible to increase the oxygen concentration. In the present invenuon, oxygen concentration of 1 .8 x 10 

25 cm" 3 or more, can be achieved and thereby it is possible to obtain an enhanced I.G. effect. 

The following discussion is directed to the finished silicon substrate produced by the preferred method 

according to the invention utilising the apparatus of Figures land 2. 

A silicon monocrystal body was drawn and g rown by the CZ method. A wafer was cut from the mono- 
crystal body The surfaces ofthewaferwere mirror-polished, and then twice subjected to heat treatment at a 

30 temperature of 1 100°C for 2 hours within a dry oxygen atmosphere. Thereafter, the wafer was etched to a 
deDth of 13 am by the so-called dry etching method ro reveal faults. In order to perform this test, various 
samples were obtained by varying the growth rate of the silicon monocr/stal body in the CZ process Also 
various samples were obtained at various oxygen concentrations. The density of stacking faults in these 
samples was measured. The results of these measurements are shown in Figure3. 

35 The results shown in Figure 3 indicate that essentially no stacking faults are formed if the silicon mono- 
crystal growth rate is greaterthan or equal to 1 .2 mm/min. Furthermore, it was also confirmed that no stack- 
inTfeulte are generated during treatment of the silicon wafer or silicon substrate, including surface polishing. 

nadS 

shows the results of these measurements in the form of a curve relating oxygen concentration to heattreat 
40 menttime In the drawing, the curves 21 to23representtherelation S hipbetweenoxygenconcentrationand 

curves 21 to 26 were 1.644 x10 18 cnT 3 , 1.667 x lO^cm" 3 , 1.709 x10 ,8 cm 3 ,1.866x 10 cm .2.019 x 0 
cm- 3 2 019 x 10 18 cm' 3 and 1 .737 x 1 0 18 cm " 3 , respectively. Although the oxygen concentration eventually 
droos as oxygen is driven out of the silicon substrate or silicon monocrystal body by the heat treatment, it is 
45 Sha^ne case of the high initial oxygen concentrations due tot he present invention, represented by the 
curtesS to 26 Se change is small even after a relatively long heattreatment and measurable oxygen loss 

Ts TfiJ^^m Sl« 3 and 4, it is dear that high-speed crystal growth results in fewerfau.ts. 
inmenexttest, diodes were prepared by formingan'-PjunctiononsUiconsubstratesobtamedb^ 

50 oresent invention and the conventional method, and the p-n junction leak current was measured for each 
d ode In th, case a p-type region was formed on the n-type silicon substrate, and n regions having an area 
a 2 4x10-*?m pS> were formed. The measurementwas performed by a PP .yingatest,ngvoltageof 
° 5V to the n * regk>n The results of tests on silicon substrates formed from a silicon moncrystal body grown 
bv^he CZ method at a crystal growth rate greater than or equal to 1 .2 mm/min and which have an oxygen 

55 concenSoS of 2 i x cm" 3 , are shown in Figure 5. On the other hand, Figure 6 shows the result of the 
est perfo^ed onsiHcon substrates formed from a silicon monocrystal body grown by the conventional 
silicon monocrystal growing method at a crystal growth rate of 0.6 to 0 9 mm mm. In Rfl^jJ.^J' 
abscissa is the measured leak current and the ordinate is the number of samples exhibiting the indicated eak 
2«nTs c7n to uXstood by a comparison of Figures 5 and 6. the case of silicon substrates manufactu- 

60 redChe^ 

Dronounced I.G. effect produced by the high oxygen concentration. - Am *w. n *, 
Tsnodd be appreciated that the preferred method according to the present invention can provide a £ gh- 
oxvoen-concentration silicon crystal body. It is also possible to accurately select the oxygen concentration 
from a wid^ge by applying a crystal growth metnod in which a magneticfield is applied to a silicon meltm 
m is rotated as necessary. An example of this crystal growth method employ- 
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' 3 eta^^^^^^ 

atX«« n'me'ra. 39. The drawing choc, 39 raises the silicon monocrysta. seed 38 

aK~^S 

sonance between the ""^^^^^^ si.icon surface at a predetermined 

The monocrystaUme silicon , wad »n drawn away ^ ^ rf ^ 

,5 speed so as to induce l^^^^^cL^ in the finished crystal 40. This is due to the 
crucible 32 ,n ^^^^KJ^SSSSh- an effective viscosity enhanced by application of a 
following reason. The molten silicon .p tna c rota tion, frictional contact between the 

molten silicon 3 and the inner wa is i o to c concentration in the growing 

20 'P^ailYOfthequa^ 

crystal 40 thus ^^^^^^^^ to the molten silicon 33. Moreover, it has been con- 
firmed that a^h.gher^ 

is sufficiently high, when a magnene ; _ e w concentration, the present invention has 

25 As described above, since it s ™ m a. hystere sis as the crystal body is being pulled can be 

many advantage^ For >™^££%Z£^ ] s hign , an extremely high I.G. effect can be obtained 
essentially el.m.nrted. Since «»J0£9« substrate surface can be suppressed. Because of these 

in heattreatment. In ^^^^^S^ silicon substrate many significant advantages are 

ao :SeS— 

30 formityofcharacteristi^theimprovemento^ 
WhHethe present in = ^^^^^ 
better understanding of %™^£™. imm £ n . Therefore, the invention should be understood to 

35 without departTng from the scope of the invention set out in the appended claims. 
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CLAIMS 

A method of product 40 
tor devices co^^ 

3,,^ -udn. subset heat treatment during produc.cn of sa.d 

semiconductor device; and 45 

"*f Aiet^Jset forth in claim 1 . wherein said oxygen concentration in said silicon substrate isgreater 
SO T « ifc^im 2. wherein said oxygen concentration in said si.icon substrate isgreater 50 

,h 5 n m it taS any one of claims 1 to 4, wherein said growth rate of said silicon monocrysta, is 

55 comprises the steps of: 

olacinq silicon in a crucible; 

heating said silicon so as to maintain said silicon in a fluid state; and 
said silicon so as to control the oxygen concentration. 
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10. A method as set forth in any one of claims 6 to 9 which further comprises the step of driving said 
crucible to rotate. 

11. Amethodassetforthinciaim 10, wherein the rotation speed of said crucible is controlled so as to 
adjust the oxygen concentration in said silicon substrate. 

5 1 2. An apparatus for growing a silicon monocrystal containing a high concentration of oxygen as a source 5 
for silicon substrates for semiconductor devices, com prising : 
a crucible for receiving a silicon; 

a heater means for heating said silicon so as to maintain said silicon in a fluid state; and 
a drawing means for drawing said silicon monocrystal from the silicon melt in said crucible at a high rate so 
10 as to prevent or substantially reduce loss of oxygen from said substrate during subsequent heat treatment in 10 
a process of fabricating said semiconductor devices. 

13. An apparatus as set forth in claim 12, wherein said drawing rate of said silicon monocrystal is greater 

than or equal to 1 .2 mm/min. 

14. An apparatus as setforth in claim 13, wherein said oxygen concentration in said silicon substrate is 

15 greaterthanorequalto1.8x 10 is cm* 3 . 15 

15. An apparatus as set forth in claim 1 3 or 14, wherein the growth rate of said silicon monocrystal is 
preferably in the range of approximately 1 .5mm/min. to 2.1 mm/min. 

1 6. An apparatus as set forth in any one of claims 1 2 to 1 5, wherein said heating means applies sufficient 
heatto prevent the surface of said silicon melt from solidifying. 

20 17. An apparatus as set forth in claim 16, wherein said heating means applies more heatto said surfaceof 20 
said silicon melt than to the remainder of said silicon melt. 

18. An apparatus as set forth in any one of claims 1 2 to 1 7, which further comprises means for applying a 
magneticfield to said silicon melt so as to control the oxygen concentration. 

19. An apparatus as set forth in any one of claims 1 2 to 1 8, which further comprises means for driving said 

25 crucible to rotate. 25 

20. An apparatus as setforth in claim 19, wherein said crucible driving means drives said crucible ata 
variable speed allowing adjustment of said oxygen concentration in said silicon substrate. 

21 . A semiconductor device produced from a silicon substrate having an oxygen concentration greater 
thanorequalto1.8x10 18 cm" 3 andhavingaleakcurrentvaluelessthan1 X10" 10 A. 

30 22. A method for producing a silicon substrate with enhanced oxygen concentration comprising the steps 30 

of: 

growing a silicon monocrystal from a silicon melt at an effective accelerated rate of growth to reduce the 
number of defects formed during subsequent heat treatment, to thus suppress separation of oxygen in the 
crystal body and to increase the oxygen in the crystal body, whereby leak current is reduced, said accelerated 
35 rate of growth being related to said enhanced oxygen concentration ; and 35 

forming said silicon substrate from said silicon monocrystal. 

23. The method as set forth in claim 22, wherein said accelerated growth rate is at least 1 .2mm/min. and 
the oxygen concentration is at least 1.8 x 10 18 cm~ 3 . 

24. The method as set forth in claim 23, wherein said accelerated growth rate is in a range of about 1 .5 

40 mm/min to about 2.1 mm/min. m 40 

25. The method as set forth in claim 22, 23 or 24 wherein said growing step includes the step of applying 
more heatto a surface of the silicon meltthan to the remainderof said melt to prevent the surface ofsaid 

silicon meltfrom solidifying. 

26. A method as set forth in any one of claims 22 to 25, further including the step of applying a magnetic 

45 field to the silicon so as to control the oxygen concentration. *5 

27. A method as sat forth in any one of claims 22 to 26, further including the step of rotating a crucible 

contrary to said monocrystal. t 

28. Amethod as setforth in claim 27, further including the step of controlling the speed of rotation ofsaid 
crucible to adjust the oxygen concentration in the silicon substrate. 

50 29. A method of producing a silicon substrate substantially as hereinbefore described with reference to 50 
and as illustrated in the accompanying drawings. 

30. Apparatus for growing a silicon monocrystal, such apparatus being constructed and arranged to op- 
erate substantially as hereinbefore described with reference to and as illustrated in the accompanying 



drawmgs, . . 

31 , A semiconductor device produced from a silicon substrate, the substrate having been made using tne 

method of any oneof claims 1 to 1 1 and 22 to 29 or the apparatus of any one of claims 1 2 to 21 and 30. 
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